X-ray magnetic circular dichroism and photoemission study of the diluted 
ferromagnetic semiconductor Zn x _ x Cr x Te 
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We have performed x-ray magnetic circular dichroism (XMCD) and valence-band photoemission 
studies of the diluted ferromagnetic semiconductor Zni-^Cr^Te. XMCD signals due to ferromag- 
netism were observed at the Cr 2p absorption edge. Comparison with atomic multiplet calculations 
suggests that the magnetically active component of the Cr ion was divalent under the tetrahedral 
crystal field with tetragonal distortion along the crystalline a-, b-, and c-axes. In the valence-band 
spectra, spectral weight near the Fermi level was strongly suppressed, suggesting the importance of 
Jahn- Teller effect and the strong Coulomb interaction between the Cr 3d electrons. 



Diluted magnetic semiconductors (DMSs) [l| showing 
high ferromagnetic Curie temperatures (7c 's) are con- 
sidered to be key materials for spintronics [2] . Ferromag- 
netism of IFVFsemiconductor-based DMS Zni-^Cr^Te 
thin films reported by Saito et al. [1, 0] has attracted 
much interest since the Tq was as high as 300 K 
and the large sp-d exchange constant, Nj3, was con- 
firmed by magnetic circular dichroism (MCD) measure- 
ments in the visible to ultraviolet regions [![. Sub- 
sequently, it was reported that control of ferromag- 
netism is possible through co-doping N or I during 
the thin film growth @, 0, Q. The ferromagnetism of 
Zni^Cr-rTe is qualitatively different from those of well- 
known III-V-semiconductor-based ferromagnetic DMSs 
such as Gai-^Mn^As and Ini-^Mn^As: (1) The carrier 
concentration of Zni-^Cr^Te is as low as ~10 15 cm -3 
and the transport is semiconducting 0, Q , whereas ferro- 
magnetism in Gai-^Mn^As and Ini-a-Mn^As appears for 
high hole concentration (^10 18 -10 20 cm~ 3 ) and is most 
likely carrier induced [l(J; (2) N/3 of Zni-^Cr^Te is pos- 
itive, that is, the hole spin created in the valence band 
tend to align in the same direction as the Cr 3d local 
spin, whereas those of Gai-zMn^As and Ini-^Mn^As 
are negative [l(J EH ■ There have been several studies to 
understand the positive Nj3 in Zni-^Cr^Te from the elec- 
tronic structure point of view 
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this paper, we report on soft-x-ray MCD (XMCD) in Cr 
2p core-level absorption and valence-band photoemission 
(PES) measurements to provide information about the 



electronic structure of ferromagnetic Zni-^Cr^Te thin 
films. Detailed information such as the valence and crys- 
tal field of the magnetically active Cr site has been ob- 
tained since XMCD is an element-specific probe which is 
sensitive only to magnetically active component. 

A 150-nm thick epitaxial thin film of Zni^Cr^Te 
with a;=0.045 (Xc~70K) was grown on a 120-nm thick 
ZnTe layer on a 20-nm GaAs buffer layers prepared on 
a semi- insulating GaAs (001) substrate using the molec- 
ular beam epitaxy method as described elsewhere 0]. 
The sample surface was capped with a 3-nm thick ZnTe 
layer to avoid contamination for the Zni-^Cr^Te layer. 
Core-level absorption (XAS) spectra were recorded in 
the total-electron-yield mode at undulator beam line 
BL23SU of SPring-8 [II]. The degree of circular po- 
larization was higher than 90 %. The monochromator 
resolution was E/ AE>10000. Using a superconducting 
magnet, magnetic fields H up to 7T were applied par- 
allel and antiparallel to the propagation vector of the 
incident light and the sample surface. Photon helicity 
was switched at each photon energy. Valence-band PES 
measurements were performed at BL-18A of Photon Fac- 
tory (PF), High Energy Accelerator Research Organiza- 
tion. An £=0.043 sample (Tc~70K) without a capping 
layer and a ZnTe film as a reference were measured. The 
surface was cleaned by Ar-ion sputtering at 1.0 kV and 
subsequent annealing at 200° C. Cleanliness of the sam- 
ple surface was checked by the absence of O Is core-level 
PES signal. In order to avoid charging effects, the spec- 
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tra were taken at room temperature and at ~450 K. The 
base pressure was >7.5x 10~ 10 Torr, and the resolution 
of the spectrometer (VG CLAM) including temperature 
broadening was ~200meV. 

Figure [Ha) shows the XAS and XMCD spectra taken 
at the Cr 2p absorption edge at T=20K and H=2T. 
Here, /i + and fj,~~ indicate absorption spectra for photon 
helicity parallel and antiparallel to the Cr 3d spin, re- 
spectively. The structures in the XAS spectra around 
hu=576 and 586 eV are due to absorption from the Cr 
2p 3 / 2 and Cr 2p 1 / 2 core levels, respectively. The Cr 2p 
absorption overlaps with the tail of the broad absorption 
due to Te 3d^Te 5p transition. Since the Te 5p band is 
broad and structureless, we assumed a polynomial back- 
groud to separate the Te 3d absorption from Cr 2p ab- 
sorption, as shown by dashed curves in Fig.[TJa). The 
XAS and XMCD spectra at the Cr 2p edge show mul- 
tiplet structures, which are fingerprints of the localized 
nature of the Cr 3d electrons in a crystal field. 

Following the orbital sum rule , the energy integral 
of the XMCD signal in the entire region of the Cr 2p ab- 
sorption is proportional to the orbital moment of the Cr 
3c? electrons, (L z ). If the Cr ions are isovalently substi- 
tuting Zn and become Cr 2+ (3d 4 ) under a crystal field 
of Td symmetry as shown in the left panel of Fig.QJb), 
(L z ) becomes negative or the integrated XMCD becomes 
positive since the filling of the 3d orbital is less than half 
and there is orbital degrees of freedom in the t 2 states. 
However, as shown in Fig. QJa), the integral became very 
small or slightly negative, indicating that (L z ) is largely 
quenched compared with the value of the Cr 2+ ion in the 
Xd-symmetry crystal field. In fact, Vallin and co-workers 
have shown in their optical absorption study that dilute 
Cr 2+ ions in bulk ZnTe are subject to Jahn- Teller distor- 
tion [2(|[2l| as shown in the right panel of Fig.QJb), lead- 
ing to the lift of the orbital degeneracy and the quenching 
of (L x ). 
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FIG. 1: Cr 2p XAS and XMCD spectra (a) Experimental XAS 
and XMCD spectra. The dashed curve is a polynomial fit to 
the tail of the broad Te 3d absorption. The dot-dashed curve 
shows the energy integral of the XMCD. (b) Single-electron 
energy levels in a Td (left) and in a Z>2d symmetry (right). 
The t2 (e) states under the Td symmetry are split into 62 and 
e (61 and ai) under the D^d symmetry. 

Figure [Ha) shows H dependence of XMCD at the Cr 



2p absorption edge. The strength of XMCD increased 
with increasing H. We could observe dichroism down to 
if~0.1T as shown in panels (a) and (b), indicating the 
presence of substantial residual magnetization of the Cr 
3d electrons. The convex behavior of the XMCD strength 
above H=2T [panel (b)] suggests that there were Cr 
ions showing superparamagnetism Q as well as para- 
magnetism in the present sample. In the inset of Fig. 
[2ja), we show XMCD spectra around the Cr 2p 3 / 2 peak 
normalized to the XMCD peak intensity. The normal- 
ized XMCD spectra overlap with each other except for a 
dip structure around hv^578 eV which is discussed later. 
This indicates that there were a single chemical environ- 
ment for the magnetically active Cr ions in Zni-^Cr^Te. 
This is in line with the unchanged line shapes of the 
visible to ultraviolet MCD under varying magnetic field 
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FIG. 2: (Color online) Magnetic-field dependence of XMCD 
in the Cr 2p absorption of Zm.^Cr^Te (a;=0.045). (a) XMCD 
at various ff taken at T=20 K. Inset shows the normalized 
XMCD. (b) Intensity of Cr 2p XMCD at T=20 K as a function 
off/. 



In Fig. [31 we compare the XAS and XMCD spectra 
with those calculated using atomic multiplct theory tak- 
ing into account the Jahn- Teller distortion. The calcu- 
lated spectra for T4 and D 2 d symmetries with high-spin 
configurations are shown in Fig.[3Jb) and (c), respec- 
tively. The crystal-field parameters for D 2 d symmetry, 
namely, 10L»g=-0.55 eV and zi t =-0.20 eV, and zi e =-0.10 
eV have been adopted from Ref. [20] . In the calculation 
of the spectra under D 2 d symmetry, we have assumed 
that there are equal numbers of tetragonally-distorted 
Cr sites along the a, b and c axes because the film was 
relaxed because of the large mismatch in the lattice con- 
stant (a=6.10 Afor ZnTe and a=5.65 Afor GaAs) and free 
from the epitaxial strain from the substrate [22| . In Fig. 
[3[ we have also indicated (L z ). The experimental (L z ) 
has been calculated using the orbital sum rule [19| . One 
can see the suppressed (L z ) in the case of D 2 d compared 
to the case of Td, which is in accord with the observed 
suppression of the Cr 3d orbital moment (Fig.[T]). Fur- 
thermore, the XMCD lineshape is well reproduced in the 
calculated spectra for the D 2 d symmetry compared to 
that for the Td symmetry particularly in the Cr 2p 3 / 2 
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FIG. 3: Cr 2p XAS and XMCD spectra calculated using 
atomic multiplet theory for Cr 2+ (d 4 ) in the 7d-symmetry 
crystal field (a), in the Z^d-symmetry crystal field (b; 
see, text), and the experimental spectra (c). Background- 
subtracted (fi + + fi~)/2 has been adopted for the experimen- 
tal XAS spectrum. The orbital moment per Cr ion in the 
ground state is also indicated for each panel. 



absorption region. The XAS lineshape is also well repro- 
duced for the Did symmetry except for a peak around 
578 eV, which may originate from a small amount of other 
Cr compound (s). In fact, XMCD around 578 eV showed 
a H dependence different from the other XMCD features, 
as described above. Thus, we conclude that the exper- 
imental spectra are well reproduced if the Jahn- Teller 
effect is included. The lift of the orbital degeneracy due 
to Jahn- Teller effect will directly affect the s p-d exchange 
interaction as studied theoretically in Refs. [l7l I23L I24]]. 

The observed strength of XMCD at the Cr 2p absorp- 
tion edge was ~20 % (~0.4 per Cr ion) of the theo- 
retical value where the spin is fully polarized [Note that, 
in Fig. [3]^b) and (c), the experimental dichroism is mul- 
tiplied by a factor of 5.] This value is somewhat smaller 
than that derived from the magnetization measurements, 
for example, 2.2±0.3 fj-B reported for x=0.035 sample 
22]. It is possible that there is a magnetically dead layer 
near the surface region, and some portion of the Cr ion 
contributes either to paramagnetism or to antiferromag- 
netism. 

Finally, we show the valence-band PES spectra of 
Zni^Cr^Te 0=0.043) and ZnTe thin films in Fig. H 
At the excitation energy of hi/=A8eV, the atomic pho- 
toionization cross-section of Cr 3d is ^20 times larger 
than that of Te 5p [26(. In fact, the intensity of the va- 
lence band of Cr-doped ZnTe is ^2 times higher than 
the valence-band intensity of ZnTe mainly composed of 
Te 5p states as shown in the top panel of Fig. |U By sub- 
tracting the spectrum of ZnTe from that of Zni_ x Cr^Te 
(x=0.043), we have deduced the Cr 3d partial density of 
states (PDOS) as shown in the middle panel of Fig.|U For 
comparison, we show the calculated total density of states 
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FIG. 4: Valence-band PES spectra of Zni-^Cr^Te (a;=0.043) 
and ZnTe and their difference spectra. The theoretical total 
density of states (DOS) and Cr 3d partial DOS (PDOS) are 
taken from Ref. 12511. 



(DOS) and the Cr 3d PDOS of Zni^Cr^Te (x=0.25) 
calculated within the local-spin-dcnsity-function approx- 
imation [25[ in the bottom panel of Fig. 0J One can 
see a peak at ~1.5 eV and a broad shoulder centered at 
~3 eV in the experimental Cr 3d PDOS, which can be 
assigned to nonbonding Cr e and bonding Cr ti states, 
and thus agreement between experiment and theory is 
good on the high binding energy side of the valence band. 
On the other hand, the spectral weight near the Fermi 
level was strongly suppressed in the experimental spec- 
tra compared to the theoretical Cr 3d PDOS which shows 
half-metallic behavior [25| . This discrepancy may be due 
to the small Cr concentration of x=0.043 in the present 
study, which was not enough for an impurity band to 
form, or because the experiment was performed at room 
temperature in the paramagnetic phase. Since the trans- 
port properties of Ziii-^Cr^Tc arep-type semiconducting 
[H even at high doping levels of x^O.20 ||, we believe 
that the suppression of the spectral weight at the Fermi 
level is common to the ferromagnetic Zni-^Cr^Te. If 
the tetragonal distortion splits the Cr 3d t% orbitals in 
the Td symmetry as suggested from the XMCD study, a 
gap will open in the Cr 3d ti impurity band which may 
explain the suppressed spectral weight around the Fermi 
level. A strong Coulomb interaction between Cr 3d elec- 
trons will also suppress the spectral weight at the Fermi 
level. Therefore, it is important to include the distortion 
effect as well as the strong Coulomb interaction effect to 
understand the ferromagnetic Zni-^Cr^Te. 

In summary, we have confirmed the Cr 3d origin of the 
ferromagnetism in Zni-^Cr^Te (cc=0.045) thin film by 
XMCD measurements. Comparisom with atomic multi- 
plet calculation idicatcd that the Cr ion is divalent and 
substituting the Zn site of the host ZnTe and that the Cr 
ions were subject to tetragonal distortion due to Jahn- 
Teller effect as observed in bulk Zn 1 _ x Cr a Te [H l2ljj . 
The suppressed spectral weight near the Fermi level in 
the valence-band spectra was discussed in terms of the 
distortion effect and the strong Coulomb effect between 



4 



Cr 3d electrons. 
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